The electronic structure and magnetic moments of free Mn + 2 and Mn + 3 are characterized by 2p x-ray absorption and x-ray magnetic circular dichroism spectroscopy in a cryogenic ion trap that is coupled to a synchrotron radiation beamline. Our results show directly that localized magnetic moments of 5 µ B are created by 3d 5 ( 6 S) states at each ionic core, which are coupled in parallel to form molecular high-spin states via indirect exchange that is mediated in both cases by a delocalized valence electron in a singly-occupied 4s derived orbital with an unpaired spin. This leads to total magnetic moments of 11 µ B for Mn 
INTRODUCTION
Manganese is an element with peculiar electronic and magnetic properties. Of all 3d transition elements, the manganese atom carries the second largest magnetic moment of 5µ B because of the high-spin 3d 5 ( 6 S) subshell configuration, while bulk manganese has an unusual 58-atom unit cell with noncollinear antiferromagnetic order 1 below the Néel temperature. A similar complex behavior can also be found in manganese molecules and clusters 2, 3 . Stern-Gerlach deflection studies of Mn n (n = 5 − 99) cluster beams 4, 5 showed superparamagnetism or ferrimagnetism with average magnetic moments that oscillate between 0.4 − 1.7 µ B per atom. Heisenberg behavior 6 was postulated for Mn 2 and a transition from ferro-to antiferromagnetism 7, 8 with increasing cluster size, as well as noncollinear spin structure [9] [10] [11] , was predicted. Combined photoelectron spectroscopy and density functional theory studies 12 found indications 13 for half-metallic Mn n clusters. Turning to the smallest clusters and molecules, the electronic ground states of molecular manganese cations have been studied by matrix-isolation electron a) Present address: Stanford Institute for Materials and Energy Sciences, SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, California 94025, USA b) Present address: Max Planck Institut für Plasmaphysik, Wendelsteinstraße 1, 17491 Greifswald, Germany c) Electronic mail: tobias.lau@helmholtz-berlin.de spin resonance spectroscopy [14] [15] [16] [17] and photodissociation spectroscopy 18, 19 . In this size range, Mn [32] [33] [34] by direct-current magnetron sputtering of a high-purity manganese target (99.95 %, Lesker) in a mixed (approx. 5:1 volume flow ratio) helium-argon (99.9999 %) atmosphere of 0.1 -1 mbar at liquid nitrogen temperature. The magnetron discharge creates neutral and ionic species that grow by gas aggregation. A distribution of Mn + n ions was extracted from the ion source and guided through differential pumping stages into a radio-frequency quadrupole mass filter (Extrel) to select either Mn + 2 or Mn + 3 parent ions, which were then stored in a liquid-helium-cooled linear quadrupole ion trap 31,34-37 filled with 10 −4 − 10 −3 mbar high purity (> 99.9999 %) helium buffer gas. The number density of helium atoms in the ion trap is ≈ 7 · 10 13 − 9 · 10 14 cm −3 at our experimental parameters. Under these conditions, vibrations and rotations are thermalized to equilibrium on a time scale of micro to milliseconds [38] [39] [40] [41] [42] . The ion trap was continuously filled with parent ions to the space charge limit. Typical storage times of the parent ions in the ion trap were 1 − 10 s. This excludes the possibility of trapping metastable configurations 43 . The purity of the parent ions in the ion trap was verified by reflectron time-of-flight mass spectrometry. The homogeneous static magnetic field of a superconducting solenoid 44 (JASTEC) that surrounds the ion trap vacuum chamber was used to magnetize the Mn samples. The inhomogeneity of the applied magnetic field is ≤ 1 % over the entire ion trap volume.
Spectroscopic Technique
X-ray absorption and x-ray magnetic circular dichroism (XMCD) spectroscopy at the manganese L 2,3 edges of the Mn + 2 and Mn + 3 parent ions was performed inside the ion trap in ion yield mode by monitoring the intensity of Mn 2+ product ions in both cases. These product ions are generated by dissociation of highly excited intermediates that result from x-ray absorption that is followed by Auger decay of the 2p core-excited state of the parent ion. Parent and product ion bunches (a small fraction of the trap filling) were extracted at a rate of ≈ 0.3 kHz from the ion trap and guided into the acceleration region of the reflectron time-of-flight mass spectrometer for detection. The incident photon energy was scanned across the manganese L 2,3 absorption edges from 610−690 eV in 250 − 500 meV steps with 625 meV photon energy resolution. At every photon energy step, the sample was irradiated with monochromatized x-rays for 8 s and the product ion intensity was recorded in a photoionization mass spectrum. For XMCD spectroscopy, a static magnetic field with µ 0 H = 5 T was applied along the ion trap axis, with parallel or antiparallel orientation to the photon helicity of the incoming elliptically-polarized soft-x-ray beam. The difference of the spectra that are recorded for negative and positive helicity of the x-ray photons gives the XMCD spectrum, and the average is the isotropic x-ray absorption spectrum. All spectra were normalized to incoming photon flux, detected by a GaAsP photo diode, and were corrected for the 90 % polarization degree of the elliptically polarized soft x-ray photons. The experiments were carried out at beamlines UE52-SGM and UE52-PGM of the BESSY II synchrotron radiation facility at Helmholtz-Zentrum Berlin.
Atomic Hartree-Fock Calculations
To analyze the experimental data, we have calculated the x-ray absorption and XMCD spectra of Mn 46 . In our calculations the usual scaling-down of the Coulomb and exchange interaction parameters to 85 % of the ab initio values was applied in order to account for intra-atomic relaxation effects 45 . The calculated spectra were convoluted with a lifetime (Lorentz) broadening of 0.1 eV at the L 3 and 0.2 eV at the L 2 resonance, and an instrument (Gaussian) broadening with 0.25 eV full width at half maximum is applied to match the experimental photon energy resolution. The increased broadening at the L 2 resonance is due to the reduced lifetime of the 2p1 /2 core hole 47 . The calculated spectra were redshifted by 2.57 eV in order to match the experimental excitation energy, and the ab initio 2p spin-orbit splitting parameter ζ is 6.74 eV. Direct 2p photoionization was not included in the Hartree-Fock calculation. This causes the offset of the experimental x-ray absorption spectrum (cf. Fig. 1 ) at higher excitation energies, but has no effect on the XMCD spectrum. In Fig. 1 the experimental L 2,3 x-ray absorption and XMCD spectra of Mn 5 4s 1 7 S ground state configuration. All spectra were normalized to the integrated signal of resonant 2p → 3d transitions, i.e., to the number of unoccupied 3d states. This normalization and the good agreement of the spectral fingerprints allows us to directly compare theoretical and experimental XMCD signals in order to obtain information on the electronic ground states of Mn Fig. 1 are identical in shape to the calculated spectrum 29, 30, 43 of atomic Mn + in its ground state configuration. This immediately shows that the experimental spectra originate from an unperturbed atomic 3d 5 ( 6 S) electronic configuration of the 3d subshell, i.e., the 3d electrons form local high-spin states but do not or only very weakly participate in bonding [29] [30] [31] 43 in Mn + 2 and Mn + 3 . The fact that the 3d orbitals remain atomically localized [29] [30] [31] 43 has implications for the geometric structure. For unperturbed 3d orbitals, the overlap of 3d electrons at different nuclei must be very weak. A rough estimate of the interatomic distance 31 in Mn
RESULTS

Atomic Localization of 3d Electrons in Mn
and Mn + 3 can therefore be made with the atomic manganese 3d radial distribution function, from which it can be seen that the radial 3d electron density decreases to less than 1 % of its maximum at r ≥ 1.3Å, leading to a corresponding equilibrium distance for pure 4sσ bonding r e (Mn . In the following treatment we will assume for simplicity that the localized 3d 5 ( 6 S) states first couple to a total 3d spin S 3d and then with the single unpaired 4s derived spin to give a total spin S. This should be a good approximation of the real angular momentum coupling. Applied to the experimental spectrum, the orbital angular momentum sum rule of XMCD 52,53 yields a molecular orbital magnetic moment of µ L = (0.1 ± 0.4) µ B for Mn 5 signature in the xray absorption and XMCD spectra, the experimental 3d spin magnetization can be obtained by fitting the calculated Mn + XMCD signal to the experimental Mn 5 4s 1 7 S Hartree-Fock calculation 45, 46 . Calculated XMCD spectra are scaled to match the experimental amplitude to give the experimental magnetization. Inset: detailed pre-edge region of experimental and theoretical XMCD spectra. The strong overshoot at 639.5 eV that is observed in the experimental spectra agrees better with the overshoot that is obtained in the calculated spectrum for the initial [ temperature at which S 3d of these states would reach a magnetization of (5.3 ± 0.4) µ B at µ 0 H = 5 T is given by the Brillouin function for the total spin S. An ion temperature of ≤ 7 K that would be necessary for the 2S 3d = 6 states can be ruled out because the experiment was performed at a temperature of the ion trap of 8 ± 1 K and radio-frequency heating of the ions is inevitable at our conditions 31, 34, 36 . For a 3d magnetization of (5.3 ± 0.4) µ B in the two 2S 3d = 8 (2S = 7, 9) states, an ion temperature of 11 ± 2 K and 14 ± 2 K would be required, which would correspond to a radio-frequency heating of 3 ± 2 K and 6 ± 2 K, respectively. As will be shown below, radio-frequency heating at the conditions of our experiment is ≥ 10 ± 2 K for Mn + 2 , which rules out both states. The remaining 2S 3d = 10 (2S = 9, 11) states with fully parallel alignment of the 3d states but antiparallel (2S = 9) or parallel (2S = 11) alignment of the 4s spin would correspond to ion temperatures of 20 ± 2 K and 23 ± 2 K, respectively, and cannot be distinguished by consideration of the very similar radio frequency heating of 12±2 K and 15±2 K. However, the 2S 3d = 10 (2S = 9) state with antiparallel coupling of the 4s derived electron spin should be about 1 eV higher in energy than the 2S 3d = 10 (2S = 11) state because of the strong intraatomic 3d−4s exchange coupling in manganese that leads to parallel spin coupling and favors the 3d 5 4s . Parallel 3d − 4sσ spin alignment is also indicated at the onset of the L 3 line of the experimental XMCD spectrum as shown in detail as an inset to Fig. 1 . Here the experimental spectra of Mn + 2 and Mn + 3 are compared to calculated spectra for 7 S and 5 S terms, i.e., for parallel and antiparallel alignment of the 4s derived spin. As can be seen, the calculated XMCD spectra differ significantly in the intensity of the overshoot at 639.25 eV, and by the sign of the signal at 638.5 eV. The strong overshoot at 639.5 eV and the dip at 638.75 eV in the experiment agree better with the calculated spectrum for parallel than for antiparallel alignment. In addition to the energy consideration above, this is an experimental indication of parallel alignment of the 4s derived spin and leaves only 2S 3d = 10 (2S = 11) for the spin in the ground state of Mn + 2 . A similar signature of parallel 3d − 4sσ spin coupling has also been observed in the case of Cr + 2 where it appears not only in XMCD but also in the x-ray absorption spectrum as a well separated line at photon energies below the L 3 main line 29, 31 . This prepeak at the onset of 2p excitation of the free molecular ion is a sensitive measure of parallel 3d − 4s spin alignment that vanishes upon cluster deposition 29 The analysis of the spin and orbital angular momentum in the ground state of Mn 5 ( 6 S) configurations of the 3d subshells can couple with the 4s derived spin to a total spin S of 16 ≥ 2S ≥ 0 as given by the 2 Mn (3d 5 4s 2 6 S) + Mn + (3d 5 4s 1 7 S) lowest energy dissociation limit. We will again assume for simplicity that the localized 3d 5 ( 6 S) states in Mn + 3 first couple to a total 3d spin S 3d and then with the single unpaired 4s derived spin to give a total spin S. Again, the orbital angular momentum sum rule of XMCD 52,53 returns a molecular orbital magnetic moment of µ L = (0.06 ± 0.48) µ B for Mn + 3 , i.e., no orbit contribution to the total angular momentum J in agreement with half-filled 3d
5 subshells localized at each of the three manganese cores. As for Mn + 2 , the total magnetization of the 3d spins in Mn + 3 is determined from a fit of the calculated Mn + XMCD signal to the experimental XMCD spectrum as shown in Fig. 1 . This procedure gives (0.70 ± 0.04) · 3 · 5 µ B = (10.5 ± 0.6) µ B as the total 3d magnetization and excludes all states with 2S 3d ≤ 9. Out of the remaining states, those with 2S 3d = 11 (2S = 10, 12) and 2S 3d = 13 (2S = 12, 14) can be ruled out because these would reach a 3d magnetization of (10.5 ± 0.6) µ B at µ 0 H = 5 T only at ion temperatures of ≤ 7 K and 12±2 K, respectively, according to the Brillouin function. These ion temperatures are incompatible with an ion trap temperature of 10±1 K and radio-frequency heating that is inevitably present in the experiment. This result indicates fully parallel spin coupling of the localized 3d 5 subshells to the maximum possible value of 2S 3d = 15 in Mn + 3 . In principle, two states with a total spin of 2S = 14 and 2S = 16 could be formed by antiparallel or parallel coupling of the 4s derived spin with the 3d spin S 3d . Analogous to the case of Mn + 2 , antiparallel coupling can be ruled out from energy considerations and from the experimental XMCD spectrum, shown in detail as an inset to Fig. 1 . Again, the state with antiparallel coupling of the 4s derived spin to S 3d should be ≈ 1.17 eV higher in energy 56 because of the strong intra-atomic 3d − 4s exchange interaction that the 4s derived electron experiences with the localized 3d electrons. Furthermore, the calculated spectrum for the 7 S ground state of Mn + with parallel coupling fits the details of the experimental spectrum at the onset of 2p excitation better than the 5 S excited state with antiparallel 4s − 3d coupling. The case is is even clearer than for Mn + 2 because of the better signal-to-noise ratio. In summary, the total magnetic moment of Mn + 3 is equal to 16 µ B and is purely determined by the electron spin of the molecule. This is in agreement with results from photodissociation spectroscopy 19 of Mn + 3 . A total 3d magnetization of (10.5 ± 0.6) µ B at µ 0 H = 5 T for the 2S = 16 (2S 3d = 15) state of Mn + 3 corresponds to an ion temperature of 20 ± 2 K and thus to a radiofrequency heating of 10 ± 2 K at our experimental conditions. Since radio-frequency heating is more pronounced for Mn 
CONCLUSION
In conclusion, x-ray absorption and x-ray magnetic circular dichroism spectroscopy of free Mn give direct experimental evidence of molecular high spin states. For both molecular ions we find a maximum 3d spin ground state with atomically localized 3d electrons and fully parallel alignment of all 3d electron spins, which leads to the largest possible magnetic spin moments of 11 µ B and 16 µ B , respectively. We do not see any evidence for noncollinear or canted spin arrangements in Mn + 2 and Mn + 3 . We find that the same mechanism is responsible for the electronic structure and chemical bonding in Mn + 2 and Mn + 3 . These molecular ions are characterized by localized 3d 5 ( 6 S) high-spin configurations of half-filled 3d subshells, and a single delocalized 4s derived electron that mediates a strong and ferromagnetic indirect exchange coupling, analogous to the case of Cr + 2 . From the observed localized atomic magnetic moment and 3d
5 configuration we deduce an experimental lower limit on the interatomic distances of r e ≥ 2.6Å in agreement with theoretical predictions for the high spin states. There is no orbital contribution to the total angular momentum and thus no coupling of the spin to the molecular axis or frame to first order. 
